Introduction
Shrinkage of biological materials during drying takes place simultaneously with moisture diffusion and may affect the moisture removal rate. Hence, a study of shrinkage phenomena is important for better understanding of the drying process. Mathematical models of food-drying kinetics that predict the distribution of moisture, temperature, and stress of foods have been reported by a number of researchers [1] [2] [3] [4] [5] . In most of these models, one of the crucial assumptions is that shrinkage is negligible, thus allowing the model equations to be solved more easily. In models where shrinkage is taken into consideration, equal shrinkage in all dimensions is assumed, i.e. K.
Hayakawa [1] [2] . However, these assumptions and the models based on them may not be valid for foods since foods are deformed to a large degree during drying . To develop a correct mathematical model, it is necessary to account for the change in directional shrinkage of the sample as it looses moisture.
In regard to the shrinkage of food, the experimental data reported in previous papers almost concerned bulk volumetric shrinkage [6] [7] [8] [9] [10] , except limited studies [11] [12] [13] : I.
Sjoholm and V. Gekas [11, 12] When these samples are dried, it is considered that drying takes place mainly from the major faces of the disk and cylinder. That is to say, moisture removes in axial direction for the disk sample and in radial direction for cylindrical sample. Therefore, it is considered that the shrinkage coefficient of each direction (S2 , Sr and So) becomes uniform in these samples. After the weight was measured, the samples that were put in a wire mesh hung from electronic balance were dried in an experimental hot-air drier (DN600, YAMATO SCIENTIFIC CO., LTD) as shown in [14] . Then, compression test was carried out in this study. The anisotropy may be considered in the rheological properties, since there is the anisotropy at shrinkage coefficient. However, it is difficult to carry out the compression test using the sample such as used in experiment of shrinkage. Then experiments were carried out using more large sample as follows. In this case it is impossible to discuss the anisotropy of rheological properties.
Fresh potato, used in a compression test, was cut in a cylindrical shape with a thickness of approximately 1.5cm
and a diameter of 3.0cm. The samples were weighed and were put in an experimental dryer as shown in Fig.2 . The drying condition is equal to that of the experiments mentioned above. The sample was periodically removed from the dryer. After the weights of the samples and their outside dimensions were measured, rheological properties of the samples were determined at room temperature (24-2TC) using a material testing machine (PLW-500, Marubishi Scientific Instrument MFG. CO., LTD) as shown in Fig.3 . In each experiment we controlled deformation rate of the testing machine was 5mm/min. 
(1) Figure 4 shows the volumetric shrinkage coefficient Se,.
Linear relationships were found between S, and the moisture contents M measured using the buoyant method and the direct measurement method. This relationship may be simplified as follows:
•¬ (2) where M/Mo is dimensionless moisture content, and A and B is constants. A linear regression procedure was used to estimate the constants in Eq.(2). The estimated constants are shown in Fig.4 . From Fig.4 , as can be seen, in the center marked region volumetric shrinkage coefficients obtained using direct measurement was almost same as those determined by the buoyant method, so the method of direct measurement can be considered appropriate to calculate the sample volume in the whole range of moisture contents.
The moisture content and directional shrinkage were correlated as follows. The directional shrinkage was expressed as Eq. (3) by assuming uniformly shrinkages in the every each direction.
•¬ (3) where Sz , Sr and Se were directional shrinkage coefficient at axis, radius and circumference, respectively.
The relationships between the volumetric and directional shrinkage coefficient can be presented as follows:
•¬ (4) From Eq. In Eq. (7), the constant C is the power exponent, which has been determined experimentally. A nonlinear regression procedure was used to estimate the constant in the showed that equal shrinkage is not valid for potato. This implies that shrinkage in the potato is non-uniform. This result is in accord with the observed result of N. Wang and J.G. Brennan [13] . They presented a photomicrograph of parenchyma cell in potato during drying, in which the structure of potato cell walls become elongated parallel to the drying surface.
This result implies that there is, most probably, micromechanical stress effects that cause shrinkage which follow not only the direction of water removal but are also partly extended to other directions, because food structure is anisotropic during drying.
The empirical correlation (Eq. (7)) will facilitate prediction of directional shrinkage characteristics based on moisture contents and moisture removal directions. Recently, by adopting the stress analysis for the drying of the food, deformation and crack generation with the shrinkage in the drying are analyzed. By using the result of this study, it seems to be able to more accurately predict deformation, moisture profile, and temperature distribution in the drying. 
